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osting by EAbstract The current study proposes a novel binary catalyst system (composed of metal/metal
oxide nanoparticles) as a promising electrocatalyst in formic acid oxidation. The electro-catalytic
oxidation of formic acid is carried out with binary catalysts of Pt nanoparticles (nano-Pt) and man-
ganese oxide nanorods (nano-MnOx) electrodeposited onto glassy carbon (GC) electrodes. Cyclic
voltammetric (CV) measurements showed that unmodiﬁed GC and nano-MnOx/GC electrodes
have no catalytic activity. While two oxidation peaks were observed at nano-Pt/GC electrode at
ca. 0.2 and 0.55 V (corresponding to the direct oxidation of formic acid and the oxidation of the
poisoning CO intermediate, respectively). The combined use of nano-MnOx and nano-Pt results
in superb enhancement of the direct oxidation pathway. Nano-MnOx is shown to facilitate the
oxidation of CO (to CO2) by providing oxygen at low over-potential. This leads to retrieval of
Pt active sites necessary for the direct oxidation of formic acid. The higher catalytic activity of nano-
MnOx/nano-Pt/GC electrode (with Pt ﬁrstly deposited) compared to its mirror image electrode (i.e.,
with MnOx ﬁrstly deposited, nano-Pt/nano-MnOx/GC) reveals that the order of the electrodepos-
ition is an essential parameter.
ª 2011 Cairo University. Production and hosting by Elsevier B.V. All rights reserved.2 7556.
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lsevierIntroduction
Catalysis and electrocatalysis at nanoparticles’ surfaces is a
subject of continuously growing interest due to its diverse
applications [1–5]. The incentive behind this interest is attrib-
uted to the fascinating properties of the nanoparticles in
addition to the use of minute amounts compared to the bulk
material. Metal (or metal oxide) nanoparticles are usually dis-
persed and conﬁned onto a relatively inert substrate, e.g.,
glassy carbon (GC). For instance, Au nanoparticles-based
catalysts are widely applicable in many vital processes, e.g.,
reduction of NO with propene, CO or H2, removal of CO
from H2 streams, selective oxidation, e.g., epoxidation of ole-
ﬁns as well as selective hydrogenation of CO and CO2 [6–9].
66 M.S. El-DeabAu nanoparticle-based electrodes showed an extraordinary
catalytic activity for the oxygen reduction [2,3,10,11] and
have been efﬁciently utilized for the hydrogenation of unsat-
urated organics [12,13] as well as low-temperature oxidation
of CO [14,15].
Electrochemical deposition [16–18] as well as several chemical
techniques such as sol-gel [19], deposition from colloidal suspen-
sion [20] are currently in use for the preparation of different me-
tal and metal oxide nanoparticles of various geometries,
morphologies and dimensions. The electrochemical deposition
technique is among the most familiar binder-free techniques used
for the fabrication of nanostructures because of the facile control
of the characteristics of the metal (or the metal oxide) nanopar-
ticles (e.g., mass, thickness, morphology, etc.) by adjusting the
current density, bath chemistry and temperature [17,21].
The use of Pt bi-metallic nanostructured catalysts had been
suggested for the efﬁcient oxidation of formic acid [22–25].
Moreover, the combined use of metal (e.g., Au, Pt or Pd)
and metal oxide (e.g., MnOx, Fe3O4, Co3O4, or NiOx) nano-
structures (e.g., nanotubes, nanorods and nanoparticles [26–
28]) as binary catalysts had been suggested for several applica-
tions including the oxygen reduction reaction (ORR), the cat-
alytic hydrogenation of unsaturated alcohols and aldehydes as
well as the electro-oxidation of methanol [29,30]. The superb
synergistic effect of the two components of the binary catalyst
might arise from the momentarily consecutive (electro-) chem-
ical reactions taking place at each constitute of the binary cat-
alyst. For instance, the combined use of MnOx and Au
nanoparticles resulted in the occurrence of the ORR at a po-
tential similar to that obtained at Pt electrodes, supporting
an apparent 4-electron reduction pathway [30,31]. Thus, the
proper design (by adjusting the amount and/or the order of
preparation) of the binary catalyst is of prime importance to
maximize the catalytic activity toward the desired reaction
on the one hand and to reduce the amount of the precious me-
tal on the other.
In the present study, a novel nanoparticles-based binary
catalyst composed of Pt and manganese oxide (MnOx) directly
electrodeposited onto GC is suggested for the efﬁcient electro-
oxidation of formic acid. MnOx has been chosen as a second
component in the proposed catalyst with an aim to provide
oxygen species to enhance the oxidation process of formic acid.
The inﬂuence of the order of electrodeposition of the two spe-
cies onto GC electrodes on the electrocatalytic oxidation of
formic acid is investigated aiming at maximization of the cat-
alytic performance on one hand, and to reduce the amount of
the precious metal on the other hand.
Experimental
The working electrode is a GC rod (/= 5.0 mm, in diameter)
sealed in a Teﬂon jacket leaving an exposed geometric surface
area of 0.2 cm2. In some experiments Pt electrode (/=
2.0 mm, in diameter) is used as the working electrode. A spiral
Pt wire and a saturated calomel electrode (SCE) were the coun-
ter and the reference electrodes, respectively. GC and Pt elec-
trodes were mechanically polished with No. 2000 emery
paper, then with aqueous slurries of successively ﬁner alumina
powder (down to 0.05 lm) with the help of a polishing micro-
cloth, and then sonicated for 10 min in Milli-Q water. The pol-
ished Pt electrode is then electrochemically pretreated indeaerated 0.1 M H2SO4 by cycling the potential between 0.3
and 1.25 V vs. SCE at 50 mV s1 for 10 min or until a reproduc-
ible cyclic voltammogram (CV) characteristic for a clean Pt elec-
trode was obtained, cf. curve a in Fig. 5B. Pt nanoparticles were
electrodeposited on the thus-prepared GC electrodes (nano-Pt/
GC) from an acidic solution of 0.1 M H2SO4 containing
2.0 mM H2PtCl6. Potential step electrolysis from 1 to 0.1 V
vs. SCE for 300 s was utilized to perform the electrodeposition
of the Pt nanoparticles resulting in the electrodeposition of
3.3 lg of Pt (estimated from the charge of the i-t curve).
Whereas, manganese oxide nanorods (nano-MnOx) are electro-
deposited onto the GC, nano-Pt/GC and Pt electrodes from a
solution of 0.1 M Na2SO4 containing 0.1 M Mn(CH3COO)2
by applying 25 potential cycles between 0.05 and 0.35 V vs.
SCE at 20 mV s1. XRD and high resolution TEM data [32]
revealed the electrodeposition of the nanorods in the (1 1 1) sin-
gle crystalline manganite phase (c-MnOOH). The surface cov-
erage h of nano-MnOx on nano-Pt/GC and Pt electrodes has
been estimated from the decrease of the peak current intensity
around 0.4 V corresponding to the reduction of the Pt surface
oxide monolayer formed during the anodic scan, cf. Fig. 2.
Scanning electron microscopy (SEM) imaging of the Pt
(and/or MnOx) nanoparticles electrodeposited onto the GC
electrodes was carried out using a ﬁeld emission scanning elec-
tron microscope (Hitachi S-5200 FE-SEM) at an acceleration
voltage of 10 kV and a working distance of 4–5 mm.
The electrocatalytic activity of the nanoparticles-based
MnOx-Pt binary catalyst modiﬁed GC electrodes toward for-
mic acid oxidation is examined in a deaerated solution of
0.3 M formic acid of pH 3.45 (adjusted by NaOH). CV mea-
surements are carried out in a conventional three-electrode
glass cell. All chemicals are Suprapur grade; all measure-
ments are performed at room temperature. Current densities
are calculated on the basis of the geometric surface area of
the GC working electrode; the solutions are de-oxygenated
by N2 bubbling.
Results and discussion
Morphological and electrochemical characterization
Fig. 1 shows SEM micrographs obtained for (A) nano-MnOx/
GC, (B) nano-Pt/GC, (C) nano-Pt/nano-MnOx/GC and (D)
nano-MnOx/nano-Pt/GC electrodes. The MnOx was electro-
deposited in a porous texture composed of nanorods onto
the GC electrode surface (image A). This texture covers
homogeneously the entire surface of the GC electrode. On
the other hand, round-shape Pt nanoparticles (particle size of
ca. 10–100 nm) are electrodeposited at bare GC (image B)
and nano-MnOx modiﬁed GC (image C) electrodes. Image D
reveals the electrodeposition of nano-MnOx onto the Pt nano-
particles rather than at the bare portion of the GC electrode.
Fig. 2A shows CVs of (a) unmodiﬁed GC, (b) nano-Pt/GC
and (b) nano-MnOx/nano-Pt/GC electrodes in 0.1 M H2SO4
at a scan rate of 50 mV s1. In curve b, the formation of the
Pt surface oxide and its reduction (at ca. 400 mV) reﬂects
the successful electrodeposition of the Pt nanoparticles. The
real surface area of nano-Pt is estimated from the charge
consumed during the reduction of Pt-oxide monolayer using
a reported value of 420 lC cm2 [33]. The electrodeposition
of nano-MnOx onto this electrode resulted in a signiﬁcant
Fig. 1 SEM images obtained for (a) nano-MnOx/GC, (b) nano-Pt/GC, (c) nano-Pt/nano-MnOx/GC and (d) nano-MnOx/nano-Pt/GC
electrodes. MnOx nanoparticles were electrodeposited from 0.1 M Na2SO4 + 0.1 Mn(CH3COO)2 by applying 25 potential cycles between
0.05 and 0.35 V vs. SCE at 20 mV s1. The Pt nanoparticles were electrodeposited from 0.1 M H2SO4 containing 2.0 mM H2PtCl6 by
applying 300 s potential step electrolysis from 1 to 0.1 V vs. SCE. Note that image c corresponds to the sequential electrodeposition of
nano-MnOx followed by nano-Pt onto GC electrode and image d corresponds to the opposite order of electrodeposition.
Nanoparticles-based Binary Electrocatalysts 67decrease in the accessible surface area of the electrodeposited
nano-Pt as revealed from the decrease of the reduction peak
current at ca. 400 mV (h  46%). Fig. 2B shows CVs of (a)
unmodiﬁed GC, (b) nano-MnOx/GC and (c) nano-Pt/nano-
MnOx/GC electrodes in 0.1 M H2SO4 at a scan rate of
50 mV s1. Note that nano-Pt is electrodeposited onto nano-
MnOx/GC electrode in curve c of Fig. 2B. The appearance
of a reduction peak of Pt oxide (at ca. 400 mV) in addition
to the observation of small hydrogen adsorption–desorption
peaks reveal the electrodeposition of Pt onto the nano-MnOx
modiﬁed GC electrode (curve c).
Electrocatalytic activity toward formic acid oxidation
The electrocatalytic behavior of the various nano-MnOx/nano-
Pt/GC electrodes toward formic acid oxidation is followed by
CVs in a deaerated solution of 0.3 M formic acid (pH 3.45) as
shown in Fig. 3. Note that a steady-state CV spectrum is
observed after the second scan (shown in this ﬁgure). This ﬁg-
ure shows the following interesting points:
(i) GC electrode has no catalytic activity toward formic
acid oxidation (curve a). The electrodeposition of min-
ute amount of nano-Pt (curve b) resulted in the observa-
tion of two oxidation peaks for formic acid similar to the
behavior of bulk Pt electrode [34].
(ii) The ﬁrst peak (at ca. 0.2 V) is attributed to the direct
oxidation of formic acid to CO2, and the second one
(at ca. 0.55 V) is assigned to the oxidation of the
adsorbed CO (produced as a dehydration oxidation
product of formic acid).(iii) Interestingly, the electrodeposition of nano-MnOx onto
nano-Pt/GC electrode (curve c) resulted in a signiﬁcant
enhancement of the current of the ﬁrst peak (corre-
sponding to the direct oxidation of formic acid) with a
concurrent depression of the second peak. This indicates
that less amount of CO is produced at the surface. Alter-
natively, one might attribute the observed enhancing
effect to the oxidation of CO at less anodic potential
at the nano-MnOx modiﬁed electrode compared to the
unmodiﬁed one (cf. Fig. 6A).
(iv) In Fig. 3 (curve b, i.e., for nano-Pt/GC electrode) the
two peaks appeared during the anodic (forward) scan
are usually assigned to the direct oxidation of formic
acid to CO2 and the oxidation of the poisoning interme-
diate CO to CO2 at ca. 0.2 and 0.5 V, respectively.
(v) Likewise, during the backward scan, the two peaks are
apparently assigned to the same two reactions with
higher catalytic activity. In other words, the catalytic
activity in the forward direction is less than that
observed during the backward scan. This might arise
from the fact that the catalytic activity of the unmodiﬁed
Pt is controlled by a high surface coverage of COad in
the anodic sweep, while it is controlled by a high surface
coverage of OHad during the reverse scan.
(vi) On the other hand, the catalytic activity of the nano-
MnOx/nano-Pt/GC electrode (Fig. 3, curve c) toward
formic acid oxidation in the cathodic and anodic sweep
directions are comparable; approaching the similar
behavior observed at Pd-based catalysts. This indicates
the high catalytic ability of this electrode toward the
direct oxidation of formic acid (to CO2) during the
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Fig. 2 (A) CVs obtained for (a) unmodiﬁed GC, (b) nano-Pt/GC
and (c) nano-MnOx/nano-Pt/GC electrodes (h  46%) and (B)
CVs obtained for (a) unmodiﬁed GC, (b) nano-MnOx/GC and (c)
nano-Pt/nano-MnOx/GC electrodes (/= 5.0 mm) in deaerated
0.1 M H2SO4. Potential scan rate: 50 mV s
1. The electrodepos-
ition conditions used for MnOx and Pt nanoparticles are the same















Fig. 3 CVs for formic acid oxidation at (a) unmodiﬁed GC, (b)
nano-Pt/GC and (c) nano-MnOx/nano-Pt/GC (h  46%) elec-
trodes in 0.3 M HCOOH (pH 3.45) at 50 mV s1. The electrode-
position conditions used for MnOx and Pt nanoparticles are the
same as in Fig. 1.












Fig. 4 CVs for formic acid oxidation at (a) unmodiﬁed GC, (b)
nano-MnOx/GC and (c) nano-Pt/nano-MnOx/GC electrodes in
0.3 M HCOOH (pH 3.45) at 50 mV s1. The electrodeposition
conditions used for MnOx and Pt nanoparticles are the same as in
Fig. 1.
68 M.S. El-Deabforward as well as the backward scan directions as
reﬂected by the depression of the second oxidation peak
(at ca. 0.5 V) with a concurrent enhancement of the ﬁrst
oxidation peak (at ca. 0.2 V).
(vii) The absence of the oxidation peak at ca. 0.5 V (during
the backward scan at this electrode) with no CO at the
surface indicates the inherent relation of this peak and
CO oxidation to CO2.
It is thus interesting to investigate the effect of the order
of electrodeposition of nano-Pt and nano-MnOx on theelectrocatalytic performance toward formic acid oxidation.
Fig. 4 shows CVs of nano-MnOx modiﬁed GC (curve b)
compared to unmodiﬁed GC (curve a). This ﬁgure indicates
that the nano-MnOx does not induce any signiﬁcant catalytic
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Fig. 5 (A) CVs for formic acid oxidation at unmodiﬁed Pt
electrode (/= 2.0 mm) in 0.3 M HCOOH (pH 3.45) in (a) the
absence and (b) the presence of 0.4 mMMn2+ ions. Potential scan
rate: 50 mV s1. (B) CVs measured at unmodiﬁed Pt electrode in a
deaerated 0.1 M H2SO4 (a) before and (b) after the measurement
Nanoparticles-based Binary Electrocatalysts 69electrodeposition of nano-Pt (as a second step of modiﬁcation)
onto nano-MnOx/GC electrode (curve c) resulted in the
appearance of two oxidation peaks at ca. 0.2 and 0.55 V
similar (albeit with lower peak current intensities) to those
observed at nano-Pt/GC electrode, see curve b in Fig. 3. The
higher catalytic activity of the nano-MnOx/nano-Pt/GC elec-
trode, see curve c in Fig. 3, compared to its mirror image
nano-Pt/nano-MnOx/GC electrode, curve c of Fig. 4, reveals
the importance of the sequence of electrodeposition of Pt
and MnOx. Thus the design of the binary catalyst is crucial
for obtaining a catalytically active electrode toward the desired
reaction. This design-dependent catalytic activity is shown for
the oxygen reduction reaction (ORR) at Au nanoparticles–
MnOx nanorods binary catalyst [30].
Role of MnOx
It has been generally reported that formic acid oxidation at Pt
group metals proceeds according to reaction Scheme 1 [35].
According to this scheme the direct oxidation path (kd)
resulted in CO2 (through a reactive intermediate, presumably
formate radical [36]) and the poison formation path (kp)
resulted in CO due to a nonfaradaic dehydration of formic acid
[36]. The latter can effectively block the Pt active sites of the
surface and thus hinders the formation of OHad (kOH) required
to keep the catalyst in an active state.
Inspection of Fig. 4 (curve b) reveals that nano-MnOx is
not sufﬁcient to catalyze (or initiate) the reaction at GC
electrode, indicating the necessity of Pt for the initiation of for-
mic acid oxidation as it provides a suitable base for formic acid
adsorption. However, the generation of the poisoning CO (as a
dehydration product) blocks the active surface sites of Pt and
impedes the complete oxidation of formic acid; see curve b in
Fig. 3. Thus, Pt alone is not sufﬁcient to catalyze the direct oxi-
dation reaction at a reasonable rate, mainly because of the sur-
face poisoning by CO. The complete oxidation of CO to CO2
requires the availability of oxygen at low potentials.
Investigating the effect of soluble Mn2+ ions on the cata-
lytic behavior of unmodiﬁed Pt electrode has been carried
out to proof the exclusive essential role of the prepared MnOx
toward formic acid oxidation and to probe the possibility of
homogeneous catalysis of Mn2+ ions (if any). The effect of sol-
uble Mn2+ ions on the catalytic enhancement toward formic
acid oxidation is shown in Fig. 5A. CVs are measured at
unmodiﬁed Pt electrode in 0.3 M formic acid solution (pH
3.45) in the absence (a) and presence (b) of 0.4 mMMn2+ ions.
This ﬁgure does not show any signiﬁcant enhancement of the
catalytic activity of Pt in the presence of Mn2+ ions. This im-of curve b of Fig. 5A. Potential scan rate: 50 mV s1.
CO 2 + 2 H+ + 2 e−
HCOOH     H2O 











Scheme 1 Illustration of the possible oxidation pathways of
formic acid at Pt surface.plies the necessity and involvement of MnOx in the oxidation
of formic acid. Fig. 5B shows CVs measured in 0.1 M H2SO4
for Pt electrode (a) before and (b) after measuring curve b of
Fig. 5A. It shows that the presence of Mn2+ ions in the solu-
tion does not cause any signiﬁcant change in the real surface
area of Pt.
The catalytic role of MnOx can be attributed to: (i) medi-
ated oxidation of formic acid to CO2 without generating CO
and/or (ii) mediated oxidation of the adsorbed CO species at
the Pt active sites. In order to investigate the catalytic inﬂuence
of MnOx on the oxidation of CO, Fig. 6A shows oxidative
































Fig. 6 (A) Linear sweep voltammograms (LSVs) for the oxida-
tive stripping of CO adsorbed at (a) unmodiﬁed Pt and (b) nano-
MnOx/Pt (h  30%) in 0.1 M H2SO4. (B) CVs for (a) unmodiﬁed
Pt and (b) nano-MnOx/Pt (h  30%) electrodes in 0.1 M H2SO4 at
potential scan rate of 50 mV s1. MnOx nanoparticles are
electrodeposited onto Pt electrode from 0.1 M Na2SO4 + 0.1
Mn(CH3COO)2 by applying 25 potential cycles between 0.05
and 0.35 V vs. SCE at 20 mV s1.
70 M.S. El-Deabstripping voltammograms of CO adsorbed at: (a) unmodiﬁed
Pt and (b) nano-MnOx modiﬁed Pt electrodes. This ﬁgure
shows that the onset of CO oxidation starts at a lower positive
potential (ca. 0.18 V) at the nano-MnOx/Pt electrode
compared to the unmodiﬁed Pt (peak at 0.45 V). Fig. 6B shows
a noticeable decrease of the Pt-oxide reduction peak (around
0.4 V) indicating the effective electrodeposition of
nano-MnOx. The favorable oxidation of CO is derived by
the supply of oxygen species through a reversible redox trans-
formation of MnOOH to MnO2 according to [37] :MnOOH þOH $MnO2 þH2Oþ e ð1Þ
The produced MnO2 (with a strong oxidizing power) is
thought to provide oxygen and thus facilitate the oxidation
of CO (adsorbed at Pt active sites) to CO2, leading to retrieval
of the Pt active sites (via removal of the poison) as:
MnO2þPt . . .COadsþOH!MnOOHþCO2þPtfreeþe ð2Þ
where the term ‘‘Pt. . .COads’’ refers to Pt active surface site
blocked with adsorbed CO. Reaction (2) indicates the regener-
ation of the c-MnOOH phase which is believed to act as a cat-
alytic mediator facilitating the oxidation of CO into CO2. The
sequential coupling of Reactions (1) and (2) results, effectively,
in the generation of CO2 and retrieval of free Pt active surface
sites as:
Pt . . .COads þ 2OH ! CO2 þ Ptfree þH2Oþ 2e ð3Þ
Thus, it can be argued that the origin of the catalytic role of
nano-MnOx toward formic acid oxidation originates from the
enhanced CO oxidation by facilitating the oxygen supply
through a reversible redox system of Mn(III)/(IV) oxides.
Conclusions
The current study addresses the electrocatalytic oxidation of
formic acid at nanoparticles-based binary catalyst of Pt and
manganese oxide. Neither Pt nor MnOx can catalyze the di-
rect oxidation process at a reasonable rate. The combined
use of nano-Pt and nano-MnOx (electrodeposition of Pt fol-
lowed with MnOx) resulted in the efﬁcient electro-oxidation
of formic acid to CO2. Nano-Pt is considered a necessary
component for the adsorption of formic acid (to initiate
the oxidation process), while MnOx acts as a catalytic medi-
ator that facilitates the retrieval of the Pt active sites
(blocked with the adsorbed CO generated as a dehydration
oxidation product) through oxidation of the adsorbed poi-
son (CO) to CO2.Acknowledgments
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